Abstract. The last decades of high energy physics revealed, that in ultra-relativistic ion-ion collisions, a strongly interacting quark gluon plasma (sQGP) is created. Varying the collision energy allows for the investigation of the phase diagram of QCD matter. The nature of the quark-hadron transition can be studied via femtoscopy, as the investigation of momentum correlations in heavy ion reactions reveals the space-time structure of the hadron production of the sQGP. Going beyond the Gaussian assumption the shape of this source may be described by Lévy distributions. In this paper we report on recent femtoscopic measurements of PHENIX, utilizing Lévy sources.
Introduction
Pioneering interferometry discoveries were made by R. Hanbury Brown as he investigated correlations of intensity fluctuations with radio telescopes [1] at the Jordell Bank Observatory, where he was able to measure the angular diameter of two strong radiofrequency sources. Constructing two tabletop experiments [2, 3] , Hanbury Brown and R. Q. Twiss prove that these correlations are also observable in the optical spectrum. Subsequently, the angular diameter of Sirius was measured [4] , utilizing this technique. These results can be regarded [5] as the extension of the work by A. A. Michelson and F. G. Pease [6] , originally suggested by H. L. Fizeau and Michelson [5] . Brown and collaborators, building an optical interferometer [7] at the Narrabi Observatory, were able to measure the angular diameter of multiple stars [8, 9] . Nowadays, this technique can be applied to study the two dimensional structure of distant astrophysical objects [10] .
These phenomena were interpreted in the language of quantum optics by R. J. Glauber [11] [12] [13] , and observed in high energy physics independently by G. Goldhaber and collaborators in proton-antiproton collisions [14, 15] . These Hanbury Brown and Twiss (HBT) correlations have an important role in high energy physics, as they can be utilized to understand the femtometer scale space-time structure of the particle emitting source. Hence this field is often called femtoscopy [16] . The basic working principle of femtoscopy is, that if we define the probability density of particle creation at space-time point x and momentum p as S(r, p) (a.k.a. the source), then the momentum correlation function, C(q, K) (where q is the pair momentum difference and K is the average momentum of the pair) can be measured and (assuming thermal emission, lack of final state interactions, etc., see e.g. Ref. [17] for details) is related to the source as 
then the correlation function can be expressed as
where again D(q, K) = D(x, K)e iqx d 4 x is the Fourier transformed of the spatial correlation function. Note that in this case, no absolute value is taken, hence no sign or phase information is lost. Hence, momentum correlations measure the source, or more directly, the spatial correlation function. The geometry of the source was often assumed to be Gaussian. However, the expansion of the medium and the corresponding increase of the mean free path suggests the onset of anomalous diffusion [18, 19] . This leads to Lévy distributions, which in turn result in stretched exponential type of momentum correlation functions:
where q is the momentum difference, R is the K dependent source size (or its length of homogeneity), and α is the Lévy-stability exponent, resulting from the anomalous diffusion, and probably also depending on K. The α parameter is interesting also because it may be connected to the critical exponent η, appearing in the power-law exponent of the spatial correlation function at the critical point [20] . Recently, Lévy sources have been utilized [17, [21] [22] [23] [24] to describe the particle emitting source. In present paper we report on the recent Lévy femtoscopy results of the PHENIX experiment. Before we move on to the data analysis and the results, let us mention one important point. The above equations imply, that at zero relative momentum, the correlation function reaches a value of 2, i.e. C 2 (0, K) = 2. Experimentally, the low-q region is usually inaccessible due to two-track resolution limitations. Hence one can only extrapolate to measure C 2 (0, K), the zero momentum intercept of the two-particle correlation function. It turns out, that this value is not 2, but has to be described by
where λ is the (K dependent) intercept parameter or correlation function strength. This observation can be easily understood in terms of the core-halo picture [25, 26] , where the source has two components: a hydrodynamically behaving fireball-type core, surrounded by a halo of the decay products of long lived resonances. In the core-halo picture, it turns out (as detailed e.g. in Ref. [17] ) that
where N ... denotes the number of pions produced in a given component of the source. Hence λ carries indirect information on the number of long-lived resonances decaying to pions, with an important example being the η meson, as discussed in detail in Refs. [17, [27] [28] [29] . 
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Two-pion femtoscopy in 200 GeV Au+Au collisions
The PHENIX experiment [30] recorded collisions of various nuclei, ranging from protons and deuterons to gold and uranium, at center of mass per nucleon energies ( √ s N N ) ranging from 7.7 to 200 GeV. This allows to study the QCD phase diagram. In this paper, we discuss the analysis of 0-30% √ s N N = 200 GeV Au+Au collisions recorded in the 2010 data taking period. The setup of the experiment during this period is shown in Fig. 1 . In our correlation measurements we applied particle identification via time of flight data from the PbSc and TOF detectors. In addition to track matching cuts, we applied pair cuts to reduce the effect of track merging and splitting, as detailed in Refs. [17, [21] [22] [23] [24] . We measured pair momentum difference distributions in the longitudinally comoving system (LCMS) of each pair, for particles belonging to the same event, as a function of Q, the magnitude of the LCMS momentum difference three-vector. These distributions are usually called actual pair distributions, and are denoted by A 2 (Q, K). To investigate only effects which arise from the pair coming from the same event, we created the same number of mixed events (with the same multiplicity distribution). Taking a given actual event, we constructed a similar mixed events by selecting the same number of particles from a large pool of similar background events, making sure all particles are from different events. This resulted in the so-called background pair distribution, B 2 (Q, K). The correlation function was then calculated as
separately for positive and negative charges. The q-dependence was investigated in 31 bins of pair transverse mass, related to average pair momentum K as
where K T is the pair average transverse momentum. The resulting 62 correlation functions were fitted assuming Lévy sources, as well as taking into account the Coulomb interaction, as detailed in Ref. [17] . An example fit is shown in Fig. 2 . We then investigated the main fit parameters. The fit parameters λ, R and α are shown in Fig. 3 , as a function of pair m T . We may observe that α is approximately constant (within systematic uncertainties), and takes an average value of 1.2, being far from the Gaussian assumption of α = 2. We also observe, that despite being far from the hydrodynamic limit of Gaussian distributions, the hydro prediction of 1/R 2 Am T +B still holds.
The measured correlation function strength λ is shown after a normalization by
This clearly indicates a decrease at small m T , which may be explained by the larger fraction of low momentum pions coming from resonance decays. Our measurement is in particular not incompatible with predictions [29] based on a reduced η mass, see details in Ref. [17] . We also show, that a new, empirically found scaling parameter
may be defined. This exhibits a clear linear scaling with m T , and it also has much decreased statistical uncertainties. While for the other parameters, approximate scalings may be observed (α is constant in m T , 1/R 2 is linear in m T , λ/λ max follows a unity minus a Gaussian type of m T dependence), the scaling of 1/ R is strikingly better than the others. 
Centrality and collision energy dependence
We investigated the Lévy HBT correlation functions also at different collision energies, from √ s N N = 39 to 200 GeV, and for various centralities. At 200 GeV, we defined six centrality classes from 0-10% to 50-60%, at 62 GeV four classes (from 0-10% to 30-40%) and two classes at 39 GeV (0-20% and 20-40%). After performing all the fits to all the measured correlation functions, we extracted the m T -dependence of the fit parameters. For the 200 GeV analysis, we used 18 m T bins, 8 bins at 62 GeV and 6 bins at 39 GeV. The extracted fit parameters (as a function of m T ) are shown in Figs. 4-5 . At each energy, we observe an approximately m T independent α value. To investigate the m T dependence of the parameters, we performed fits with α fixed to its average value in the given centrality bin. This resulted in the clear trends shown in Fig. 4 : in each centrality, 1/R 2 and 1/ R scale linearly with m T , and a "hole" of similar magnitude is observed for λ/λ max . At the lower energies (shown in Fig. 5) , we observe qualitatively similar trends, but statistics prevents us from drawing more definitive conclusions. In both case, the most clear trend is observable for the scaling variable R, which is apparently the less prone to statistical fluctuations of the correlation function and the fit.
Three-pion correlations
As mentioned above, the λ intercept parameter of the two-pion momentum correlations may be related to the fraction of pions coming from the decays of long lived resonances. If so, the possible enhancement of η production may be connected to it. An important cross-check of this can be performed by the measurement of multi-pion correlations, since their zero momentum intercept is also related to the core/halo ratio. It turns out [31] that if we define two-and three-particle correlation intercepts (neglecting K dependence) as λ 2 ≡ C 2 (Q 12 → 0) − 1 (11) λ 3 ≡ C 3 (Q 12 → 0, Q 13 → 0, Q 23 → 0) − 1 (12) then these can be expressed from the core fraction f c as 
It is immediately clear from this, that we may define
which is equal to one in case of the core-halo model. Hence if κ 3 = 1, that would point to pion production beyond the core-halo model, such as coherence, as also discussed in Ref. [24] . We measured the value of the above defined λ 3 and κ 3 parameters, as shown in Fig. 6 . The preliminary uncertainties were calculated from simultaneous variation of two-and three-pion analysis settings. We observe that κ 3 is near unity, but the preliminary status of this analysis prevents us from making a more definitive conclusion.
Summary
In summary, we measured two-and three-particle correlation functions of identical pions at various collision energies and centralities, and fitted them with correlation functions calculated from Lévy sources. We found that this assumption yields a statistically acceptable description of all results. We extracted the m T dependence of two-particle Lévy parameters α, R and λ. We found that the α parameter is far from 2, and has only a slight m T dependence, but a more pronounced centrality dependence. We also found that 1/R 2 is approximately linear with m T , while λ decreases at low m T , showing a "hole-like" structure, not incompatible with models utilizing a decreased η mass. We also demonstrated the appearance of a scaling parameter R, the inverse of which shows a very clear linear scaling with m T . Furthermore, we investigated if the interpretation of λ holds as being related to the core-halo ratio, by measuring three-particle correlations. The κ 3 parameter, which equals to unity in the core-halo model, was measured to be close to this conjectured value.
